High-temperature-deposited rotated graphene (Gr) on Ni(111) has been investigated by in-situ scanning tunneling microscopy and spectroscopy at room temperature. The rotated Gr exhibits weak bonding to the Ni(111) surface, which facilitates formation of Ni 2 C or a second Gr layer underneath via bulk carbon segregation. Areas of rotated Gr present a bias voltage dependence of the apparent amplitude of Gr superlattice corrugations. We find that Ni 2 C underneath rotated Gr introduces additional electronic features that vary with the gap resistance, which could be related to an orientation-dependent interaction between Ni 2 C and Gr. Furthermore, the exposure to oxygen has a significant influence on the local density of states of Gr/Ni 2 C, other than on Ni (111) covered with nonrotated Gr. 
Introduction
Low-dimensional materials exhibit unique properties influenced by quantum size effects. One prominent example is the 2D carbon crystal with honey-comb lattice, graphene (Gr). 1 In the past decade, Gr has attracted great attention because of its extraordinary properties such as high mechanical strength, 2 excellent heat and electrical conductance, 3 and very high transmittance. 4 Gr has extremely small spin-orbit interaction and almost zero nuclear magnetic moment, facilitating room-temperature spin current injection and detection, and therefore, it is an excellent candidate for spin qubits in quantum computing. 5 Gr-based spintronics has a great potential in spintronic device applications and is becoming more and more attractive. 6, 7 Spin filtering at the interface between graphite and close-packed fcc Ni(111) or hcp Co(0001) has been predicted by Karpan et al. 7, 8 The spin-valve effect for a ferromagnetic (FM) transition metal in contact with Gr has also been reported. [9] [10] [11] Moreover, besides the 2D sheet, Gr can be wrapped up into 0D buckyballs, rolled into 2D nanotubes, or stacked into 3D graphite. 12 Each different form outstretches diverse properties and thus applications.
There are several ways for the preparation of Gr. Besides the exfoliation technique, chemical vapor deposition (CVD) is an important method, in which a substrate is necessary. When Gr is epitaxially grown on a crystalline substrate, there is a registry between the two. Depending on the substrate, the properties of Gr are modified compared to ideal free-standing Gr. For transition metal substrates, a strong hybridization between the Gr π band and the metal d bands can introduce charge transfer from the substrate and modify the electronic properties of Gr greatly. [13] [14] [15] Under this circumstance, the Fermi energy may not be necessarily at the Dirac point and can be tuned by intercalation of other atoms [16] [17] [18] or small molecules. 19, 20 Moreover, different adsorption geometries for Gr on the metal substrate can coexist. 21, 22 Nickel, due to its catalytic property in CVD, has been utilized as substrate for the growth of Gr in recent years. Because of the almost perfect match of Ni(111) and graphite lattice parameters, Gr/Ni(111) is attracting more and more attention. 23 Although compared to other substrates, [24] [25] [26] [27] [28] [29] Ni(111) matches Gr best, the preparation conditions, such as temperature, 30, 31 carbon concentration at the growth front, 31 purity of the substrate, 31 or cooling rate, 32, 33 can influence the quality of the Gr sheets on the nickel substrate, such that the structure formed on the sample surface could be far more complicated than expected. 31 Besides the (1×1)-restricted Gr, rotations, extra carbon structures underneath, or surface defects may also exist and influence the Gr interaction with the substrate. These unexpected structures exhibit unique structural and electronic properties which may be interesting for Gr-based electronic and spintronic applications.
To understand the growth mechanism of Gr on bulk Ni(111) at high temperatures ( ≥ 900 K), high-resolution scanning tunneling microscopy (STM) provides a direct way of in-situ characterization of the ultrahigh-vacuum-grown Gr in real space and facilitates understanding of [34] should be Gr-covered Ni 2 C rather than exposed Ni 2 C as identified in
Ref [34] . 35 Jacobson et al. found that Ni 2 C only exists underneath rotated-Gr areas and suggest 5 the earlier formed Ni 2 C causes the grain rotation of the later-on-formed Gr. 35 Very soon afterwards, an in-situ STM observation of Gr growth on Ni(111) reported by Patera et al.
proposed an opposite mechanism, namely that in Gr/Ni 2 C areas, the formation of Ni 2 C via bulk carbon segregation happens after the formation of rotated Gr on Ni(111). 31 It means that the lateron-formed Ni 2 C does not influence the grain orientation of the topmost Gr layer. Nevertheless, in both, Refs. [35] and [31] , Gr/Ni 2 C areas only exist when the top Gr exhibits some degrees of rotation with respect to the Ni(111) substrate. No further carbon structure could be found underneath (1×1) epitaxial Gr. On Ni(111), (1×1) epitaxial Gr can be tightly chemisorbed to the metal substrate, while some degrees of rotation can weaken the bonding between Gr and the substrate. Rotated Gr exhibits diverse structural and electronic properties when grown on a bulk Ni(111) single crystal, which is the main focus of this paper. Here, we present a detailed STM investigation into Gr on Ni(111) grown by CVD at high temperature. We find that Gr/Ni 2 C can be present also rotated by different angles than those reported before. We observe that the apparent corrugation of rotated Gr depends not only on the rotation angle, but also on the bias voltage. The electronic properties of Gr-covered Ni 2 C are furthermore influenced by the tunneling gap and the Gr orientation. Finally we address the oxygen-induced tuning of the electronic properties of rotated graphene on Ni 2 C.
Experimental details
The experiment was performed in an ultrahigh vacuum (UHV) chamber with a base pressure of 1×10 -10 mbar. A disk-shaped Ni(111) single crystal with a diameter of 10 mm was used as substrate. To achieve well-defined surfaces, the Ni(111) substrate was cleaned by cycles of Ar We will first give a short overview of the structures formed on the Ni(111) surface after growth according to the two recipes. Figure 1 shows STM topography images of Gr prepared by recipe (1). A similar morphology as shown in Figure 1a and b is also observed in most of the other areas (111) is observed, as the hexagonal superlattice on part of the terraces illustrates.
In contrast, panel d shows Gr on different structures underneath. There are mainly two types of structures underneath the Gr layer, i.e., Ni(111) and Ni 2 C. Similar topographies have also been observed before, i.e., the Gr/Ni 2 C area exhibits stripe features and the Gr/Ni(111) area exhibits superlattices. 31, 35 The carbon concentration is an important factor for the Gr growth at high temperatures. If the concentration is not high enough to form another Gr layer, carbides will grow instead, 23, 31, 37 as shown in Figure 1d .
The LEED pattern of Gr prepared by recipe (2) does not differ from that shown in Figure 1a by the misorientation of the two non-Bernal-stacked Gr layers.
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The main difference between preparation according to recipes (1) and (2) In the following, since rotated Gr exhibits diverse structures, we will discuss the structure-related electronic properties of rotated Gr. The rotated Gr monolayer (ML) has a relatively weak bonding to the supporting Ni(111) surface compared to epitaxial Gr/Ni(111). 40, 41 A Gr-covered surface with superlattices of different periodicities, prepared by recipe (1), is shown in Figure 3a . The origin of the observed superlattices has been discussed by several researchers [42] [43] [44] [45] [46] [47] 60 which hence should not be the present here in Figure 3a . Once Gr starts to nucleate on Ni(111), the subsequent growth will follow the initial stacking sequence. In the STM image, the multiperiodic Moiré patterns are probably due to different rotation angles for different Gr nucleation centers at the very beginning of the growth, such that after small fragments of Gr get bonded to each other and form a whole sheet, the as-grown patterns are formed. Accordingly, due to the misorientation of the adjacent Gr patches, at the boundary positions, defects or dislocations are likely to exist.
61-63
The amplitudes of the observed Moiré patterns show significant differences depending on their periodicity. Smaller periodicity, as profile 1 shows, corresponds to larger rotation angle and demonstrates a much smaller amplitude of 40 pm compared to that of 114 pm for profile 4. This The areas marked by "C" are similar to those reported in Ref. [34] , which have been interpreted as pure Ni 2 C that could be further converted into Gr. However, this interpretation proves to be a misidentification of Gr/Ni 2 C in the supplementary material of Ref. [35] . The morphology of Gr/Ni 2 C does not exhibit any Moiré pattern with hexagonal symmetry. It is formed from a honeycomb lattice on a quasi-square lattice. 35 Accordingly, here the areas marked with "C" are supposed to be Gr-covered Ni 2 C, which originates from bulk carbon segregation. and DFT calculations for the same system revealed that STM images at low bias voltages mainly reflect the geometrical corrugation while at higher voltages, an electronic resonance state has significant influence on the periodic distribution of the LDOS and local work function of Gr. 68 An angle-resolved photoemission spectroscopy (ARPES) study on epitaxial Gr on Ni (111) revealed that the Dirac cone is shifted downward by 2.84 eV to higher binding energy with respect to a freestanding Gr sheet because of hybridization of the Gr π orbital with nickel 3d
states. 69 Although shifted, the Dirac cone remains intact and no gap opening is found at the Dirac energy. 69 A down shift of the Dirac cone of about 2.0 eV compared to a quasi-freestanding Gr layer was also discovered elsewhere. 17 This shift indicates a strong n-type doping of Gr by dynamical hybridization of Gr on the Ni(111) surface, 69 which influences the charge transfer from nickel to Gr. As to the rotated Gr on Ni(111), a hybridization of the Gr π band and the nickel 3d band could also occur and thus modify the electronic properties of Gr. 40 The dynamic hybridization between nickel 3d and Gr exhibits an energy dependence which might lead to different doping levels of Gr at different energies 69 and has an impact on the charge transfer from metal to Gr. 70 Accordingly, in Figure 4b , the observed reduction of the Moiré corrugation at 15 higher bias voltages could be due to an electronic effect which might be caused by the varying charge transfer from the metal substrate. 
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STM does not only image the structures on the surface, but also screens the underlying structures that also contribute to the surface electron distribution. 49 When Ni 2 C is formed between rotated Gr and the Ni(111) surface, the Gr Moiré pattern disappears. The upper part of the STM images in Figure 5 shows Gr-covered Ni 2 C, while the lower part consists of rotated Gr/Ni(111) with a
Moiré periodicity of about 1.22 nm. The sample was prepared according to recipe (1) . At different bias voltages, the two areas demonstrate distinct corrugation behaviors and in general, the Gr in contact with Ni 2 C exhibits a larger corrugation with a periodicity of 1.95 nm, which is close to the value reported for Gr/Ni 2 C. 35 For a low bias voltage of +76 mV, both upper and lower areas show high corrugations of 175 pm and 90 pm, respectively, while at +1 V, the corrugation is reduced by 78 pm and 37 pm, see Figure 5d . Moreover, at +128 mV Gr/Ni (111) turns out to have a similar corrugation as at +1 V, but Gr/Ni 2 C still maintains a similar amplitude compared to the lower bias voltage of +76 mV. Histograms for the two different regions in Figure 5e show that there is an apparent step height of about 415 pm between Gr/Ni(111) and Gr/Ni 2 C at the bias voltage of +1 V, while this step vanishes close to the Fermi energy. This phenomenon clearly shows that there is an electronic charge inhomogeneity between the two regions. In the areas with Ni 2 C underneath Gr, nickel d orbitals bind to carbon 2p orbitals, which could drastically modify the electronic environment of the Gr sheet and the corresponding doping.
Compared to the quasi-freestanding topmost layer of a bilayer (BL) Gr or graphite, Gr/Ni 2 C might also possess some degree of "free-standing" property with less influence of the 3d metal, and the interacting force between Gr and Ni 2 C might not necessarily be as weak as van der Waals interaction between Gr layers. Compared to the decoupling of Gr via intercalation of metal [16] [17] [18] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] or nonmetal 19, 20, [87] [88] [89] [90] clusters, the Ni 2 C-introduced decoupling of Gr from the contacting surface might be another topic of interest for future studies. When Ni 2 C is formed between the nickel surface and the rotated Gr layer, the LDOS of Gr is completely changed, as the STS curves in Figure 6 show. Below the Fermi energy, the occupied LDOS is reduced compared to that without Ni 2 C. At a bias voltage of about +0.2 V, the STS curve of Gr/Ni 2 C exhibits a small peak. Around this energy the density of unoccupied states is slightly higher than that in Gr/Ni(111). Since the carbon 2p orbitals in Ni 2 C bind to the nickel 3d It has already been shown that a Gr-covered Ni(111) surface is protected from oxidation. 91, 92 If Ni 2 C is formed underneath rotated Gr, will the top Gr still be able to protect the material underneath from oxygen? The STM images shown in Figure 8 are from a similar area as those shown in Figure 2b and display the coexistence of BL Gr/Ni(111) ("B") and ML Gr/Ni 2 C ("C").
In the bottom panel of Figure area "B" is 0.07 nS higher than that in area "C" for the as-grown surface, while the contrast reverses after oxygen exposure when the differential conductance for Gr-covered Ni 2 C is 0.19 nS higher than before. The BL Gr/Ni(111) remains unaffected by the oxygen dosage, which is consistent to a previous study on the Gr passivation of the Ni(111) surface. 91 The unchanged differential conductance in areas "B" implies similar tip conditions before and after oxygen exposure. Moreover, histograms for the corresponding topographies also demonstrate a relative height reduction of 46 pm between areas "B" and "C" by the oxygen influence, as seen in Figure   8f . A slight shift of 10 pm between the two peaks marked with "B" in Figure 8f is due to the piezo drift between two separate scanning processes.
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Figure 9 STS of pristine (solid line) and 160 L oxygen exposed (dashed line) Gr/Ni 2 C/Ni(111).
Feedback parameters: +0.5 V, 1.8 nA.
The STS curves for Gr/Ni 2 C (areas "C") shown in Figure 9 indeed illustrate a distinguished electronic modification after a small amount of oxygen dosage. In the spectra here, a similar peak at +0.2 V as the one shown before in Figure 6 is reduced after dosing oxygen, indicating a decrease in the density of unoccupied states at that energy, whereas the valley at +0.5 V is higher than before. Considering also the less deep contrast level of the Gr/Ni 2 C regions in Figure 8b (bias voltage: +1.0 V), it seems that above the Fermi energy, there is a dI/dV contrast oscillation with energy before and after oxygen exposure, as seen in Figure 9 . The STS curves also illustrate that oxygen mainly influences the unoccupied states but has little influence on the occupied states near the Fermi level. This electronic modification of Gr/Ni 2 C by oxygen suggests that due to the existence of Ni 2 C between Gr and the nickel substrate, the Gr passivation effect fails. One 25 possible scenario could be the intercalation of oxygen between Gr and Ni 2 C. Subsequent oxidation of Ni 2 C under the Gr layer could then change the electronic environment underneath the Gr layer. According to previous studies 20, 87, 88, 90, 93, 94 on oxygen intercalation between Gr and the metal surface, the intercalation normally occurs at temperatures higher than room temperature.
Therefore, it seems that this scenario is not very likely here. But since the interaction between Gr and the Ni 2 C underneath is weak and driven only by van der Waals interaction, 35 this possibility cannot be ruled out. Another scenario could be that due to the formation of Ni 2 C, some electronic defects are introduced in the topmost Gr layer, which locally modify the desorption energy barrier of the Gr surface and trap oxygen at these defect sites. 92, 95 Since Ni 2 C exhibits a periodic structure, 31, 35 if such Ni 2 C-introduced defects in the topmost Gr layer exist, the Gr layer will exhibit some periodic defects. These defects could act like a quantum dot array, which would be interesting for the application in Gr-based electronic devices.
Conclusion
Gr grown at 900 K on Ni(111) has been investigated by STM and STS. Mainly (1×1) epitaxial nonrotated Gr has been observed on the sample surface, but also a small fraction of rotated Gr is present. Due to the weakened bonding between rotated Gr and the Ni (111) 
